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Abstract

Oncogenic activations by mutations in key cancer genes such as EGFR and KRAS are frequently 

associated with human cancers. Molecular targeting of specific oncogenic mutations in human 

cancer is a major therapeutic inroad for anti-cancer drug therapy. In addition, progressive 

developments of oncogene mutations lead to drug resistance. Therefore, the ability to detect and 

continuously monitor key actionable oncogenic mutations is important to guide the use of targeted 

molecular therapies to improve long-term clinical outcomes in cancer patients. Current oncogenic 

mutation detection is based on direct sampling of cancer tissue by surgical resection or biopsy. 

Oncogenic mutations were recently shown to be detectable in circulating bodily fluids of cancer 

patients. This field of investigation, termed liquid biopsy, permits a less invasive means of 

assessing the oncogenic mutation profile of a patient. This paper will review the analytical 

strategies used to assess oncogenic mutations from biofluid samples. Clinical applications will 

also be discussed.
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Introduction: The Clinical Application and Context of Liquid Biopsy

In recent years, pharmaceutical drugs such as gefitinib, erlotinib, afatnib, everolimus, 

sorafenib, pembrolizomab, and sunitinib have been used as interventions to slow the 

proliferation of cancerous cells, and these drugs have been found to have their efficacy 

linked to the oncogenic mutation status of patients1, 2, 3,4. The presence or absence of these 

oncogenic mutations indicates if drug therapy will effectively limit the spread of cancer and 

improve patient survival rate, and thus testing prior to treatment serves as a useful tool for 

precision medicine5, 6, 3. The monitoring of these oncogenic mutations is not only useful 

prior to treatment, but monitoring continues to remain important during and after the 

treatment process to assess for developed drug resistance7, 8, 9 and cancer recurrence10. The 

clinical practice to assess genetic mutations in cancer has historically been through direct 

sampling of cancerous tissue with biopsy or surgical resection. Over the past decade 

investigations have been made into evaluating cancer mutations using physiological 

biofluids. This emerging field that examines physiological biofluids and performs analysis 

on them for improving cancer management has been termed liquid biopsy11.

There are multiple factors that motivate the exploration of liquid biopsy as an alternative to 

the gold standard methods of direct tissue sampling via biopsy and resection: First, it is 

desirable to have an alternative to the direct sampling of tissue through resection and biopsy, 

as the genetic mutations present in a patient may alter following treatment12, 13, 14, and 

conducting additional biopsies and resection may present risk to the health status of the 

patient. Second, tumor heterogeneity is a concern10,15 in oncogenic mutation detection: 

certain sections within a tumor may have the mutation while other sections do not, and 

testing a single tumor sample may lead to a false negative reading for oncogenic mutations. 

Finally, an alternative to direct tissue sampling may also lessen the fiduciary and resource 

strain on caregivers and patients (the cost of a fine needle aspiration biopsy has been 

estimated to be approximately $1300 per procedure16, while a company such as Pathway 

Genomics have been marketing the ability to perform liquid biopsy panel tests for half the 

cost from 20 mL of blood17).

Liquid biopsy as a strategy for oncogenic mutation begins with the selection of an 

appropriate panel of mutations that must be tested for. A notable catalog of oncogenic gene 

mutations was begun by Wellcome Trust Sanger Institute in 200418. This catalog, titled 

COSMIC (catalog of somatic mutations in cancer) has collated and organized information 

about cancer state and mutations associated with each cancer state, curating the results of 

20,000 scientific studies19 into a comprehensive and easily searchable database. Some 

clinically relevant mutations can be covered with a small panel of mutations, such as 

mutations in the EGFR domain for non-small cell lung cancer (NSCLC). In EGFR 

mutations for NSCLC, 90% of mutations are covered by the deletion mutations in exon 19 

and the L858R point mutation8. However, other cancers require monitoring for a larger 

panel: The KRAS mutation occurs in 40% of patients with colorectal adenocarcinoma, but 

there are at least 7 different mutations in two adjacent codons20 that must be used in order to 

get a satisfactory coverage of the forms of mutation that exist. Distribution of mutations is 

also correlated to race and gender factors (e.g. EGFR mutation occurring in 51.4% of 

adenocarcinomas for individuals from Asian populations21), and these various population 

Tu et al. Page 2

Analyst. Author manuscript; available in PMC 2016 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



composition factors may also play into the development of an appropriate panel of 

biomarkers. Based on clinical needs and information from the COSMIC database, panel of 

tests that cover key oncogenic mutations22, 23, 24 are designed and targeted for detection in 

liquid biopsy.

The presence of mutated genetic content in biofluids

A variety of different biofluids have been examined for oncogenic mutation detection. 

Serum25, sputum26, 27, cerebrospinal fluid28, broncho-alveolar lavage fluid29, urine30, 

stool23, and saliva31,32 have all been investigated as possible avenues for oncogenic 

mutation analysis. A number of these studies seem to yield fruitful results, with some studies 

having high sensitivities and specificities when benchmarked with direct tissue sampling 

methods32, 29, 33. In most strategies of detecting mutated content from biofluids, processing 

steps must be taken to extract and purify out genomic content from the sampled biofluids. 

Two main approaches seem are taken when it comes to isolating and extracting mutated 

genetic content from biofluids.

Circulating Tumor Cells (CTC)

This form of biofluid analysis captures cells shed from a primary tumor site that are freely 

circulating in the body biofluid, and performs mutation analysis on the cells after they have 

been captured and concentrated12, 34. This selective concentration of tumor cells is 

potentially beneficial because it allows one to extract more complete DNA from tumor cells, 

instead of other approaches that may only extract degraded DNA35. In order to facilitate the 

capture of circulating tumor cells, which are in low abundance (as the amount of CTCs are 

relatively low in proportion to a biofluid sample, with 1–10 CTC cells occur per 10 mL of 

blood36), various strategies have been adopted in order to concentrate the tumor cells in the 

biofluid. The most commonly used strategies for capture of CTC for molecular analysis 

appear to be microfluidic channels12, 37 and magnetic beads38 coated with capturing 

antibodies, but other techniques such as the usage of electric fields (using the phenomena 

dielectrophoresis)39 and centrifugation40 have also been explored for capturing of CTC. 

This approach was effectively used in a study by Maheswaran12, in which EGFR mutation 

was successfully detected in 11 out of 12 patients (92%) using CTC cells that had been 

captured.

Circulating Tumor DNA (ctDNA)

As opposed to specifically targeting the cancer cells present in the biofluid and analyzing 

their genomic content, this approach takes biofluid samples and extracts the nucleic acid 

using column based techniques41, 42, 43. Circulating tumor DNA as an approach has been 

noted to be advantageous in that it has been found to appear in the serum before circulating 

tumor cells33,34, and because biofluid sampling is more easily performed than CTC 

extraction43 (In a study performed by Sozzi et al44, 318 ng/mL of ctDNA could be extracted 

from 1 mL of lung cancer patients serum). In relation to clinical effectiveness, Thierry et 

al.33 reported a total clinical sensitivity of 92% and a clinical specificity of 98% for all 

KRAS mutations when ctDNA for 95 specimens when benchmarked against tissue based 

genotyping. In regards to a direct comparison of CTC and cTDNA approaches, studies have 
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appeared in the two years comparing CTC to ctDNA35, 45 have found that ctDNA was able 

to perform higher sensitivity detection (Freidin et al.35 reported that CTC had a clinical 

sensitivity of 52% while ctDNA had a clinical sensitivity of 96%). The specific mechanism 

of which this extracellular DNA is transported in the biofluid is under investigation, and 

studies suggest that this circulating tumor DNA with mutations may be sequestered and 

protected by microvesicle46 structures such as exosomes47,48, which are 50–150 nm 

microvesicular structures. Investigations conducted by Kahlert et al.48 on serum exosomes 

demonstrated that double stranded DNA with genetic mutations in the KRAS and p53 

domains can be detected in these vesicles.

It is evident from the body of work extant that both CTC DNA and ctDNA techniques have 

potential: but there are disadvantages49 that must be overcome. Alix-Panabieres and 

Pantel50 note technical obstacles of CTC analysis such as the large sample volumes 

requirements, the potential inadequacy of epithelial markers such as EpCam for identifying 

the most aggressive CTC types, and the difficulty in differentiate tumor cells from epithelial 

cells in patients with benign colon diseases such as diverticulosis. In regards to ctDNA, 

Pantel and Alix-Panabieres51 note that DNA from lysed cells may add nucleic acid content 

has the potential to interfere with detection, and Ilie et al52 note that inherent in the ctDNA 

approach is the inability of performing morphological analysis of cells. Time will tell 

whether these disadvantages will be significantly hinder the usage of these techniques, but at 

present it seems that emerging new platforms50 and refinements to existing protocols51 can 

aid in mitigating these disadvantages.

Molecular Detection Platforms for Liquid Biopsy

Genomic content that is collected from a biofluid must be tested with an appropriate 

analytical method in order to identify the mutated genetic sequences. The Sanger method of 

DNA sequencing for mutation analysis53 using gel or capillary electrophoresis and 

terminating dideoxynucleotides to acquire the sequence of DNA is considered the 

benchmark gold standard for identification of oncogenic gene mutations in tissue. However, 

Sanger sequencing sensitivity levels leaves room for improvement54, inasmuch as it does 

not possess the sensitivity adequate for detection in the context of liquid biopsy. Sanger 

sequencing is able to detect mutated sequences if the mutated allele to wildtype frequency is 

20%55. This analytical sensitivity of 20% Diaz and Bardelli34 observe to be inadequate for 

analysis. As a result of this analytical sensitivity requirement various different technologies 

have emerged to try to see if greater discriminatory methods for detection of mutations 

could be accomplished. The key diagnostic techniques presently used for liquid biopsy are:

Beads, Emulsions, Amplification, and Magnetics (BEAMing)

This technique utilizes a magnetic microparticle and oil-water emulsions in order to enhance 

sensitivity. In this procedure, DNA that has been extracted and preamplified is dispersed 

into multiple 3–9 μm diameter water droplets. Each droplet has the primers, enzymes, and 

free nucleotide components necessary to amplify the targeted mutated sequence. However, 

one of the primers is attached to a magnetic microparticle, and if the mutated DNA sequence 

is present then the bead will eventually be coated with the amplified mutant sequence after 

the PCR is run on the emulsion. The emulsion droplets are then broken, the mutated 
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sequence on the magnetic beads labeled with fluorescent probes, and all the beads that were 

used run through flow cytometry28, 56. If the beads have the mutated sequence present on 

their surface, their fluorescence will be readily observable during flow cytometry. This 

technique has been noted to have a sensitivity of up to 1 in 10,000 DNA molecules57 (0.01% 

analytical sensitivity), reaching the levels necessary for the detection of oncogenic 

mutations. In the context of liquid biopsy, this has been applied to the study of ctDNA for 

the detection of PIK3CA58 from plasma samples, with a perfect concordance between tissue 

sequencing and BEAMing assay of the collected blood samples.

BEAMing has recently been applied in a work by Tabonero et al59 for the examination of 

PIK3CA, KRAS, and BRAF mutations on genomic DNA isolated from 2mL of plasma, with 

a 76% KRAS concordance, a 88% PIK3CA concordance, and a 97% BRAF concordance 

when comparing archival tumor samples with patient plasma. These preliminary studies of 

BEAMing are suggestive, and further tests may help establish this as an extremely viable 

method for practical liquid biopsy of oncogenic mutations.

Polymerase Chain Reaction (PCR) Based Techniques

This technique involves the measurement of a nucleic acid sequence by making a live 

measurement of fluorescence expression levels during the PCR reaction process. This 

expression of fluorescence is done through two means: either through a double stranded 

DNA intercalating agent (the SYBR® Green method) or through a specially designed primer 

sequence that has both a quencher and a fluorescent particle on it (The Taqman® based 

method). In the SYBR Green case, as the target sequence is amplified, the amount of double 

stranded DNA increases, and the intercalating agent then goes between the doubled-stranded 

DNA particles and detection machinery can allow for live measurement of the fluorescing 

that occurs during the amplification process. In the Taqman® case, as the amplification 

occurs, the fluorescent particle on the probe that is normally quenched is cleaved off of the 

primer sequence and is then capable of being detected in real time. This ability to quantify in 

real time in conjunction with the fact that different sequences possess different melting 

points can aid in identification and differentiation of a wild type and mutation sequences54. 

RT-qPCR as a technique has been utilized in a variety of studies of mutations in the BCR-

ABL kinase domain60, BRAF61, and KRAS35. This technique has been applied with success 

in the liquid biopsy context: The testing of ctDNA for the KRAS mutation, for example, was 

reported to be able to have an analytic sensitivity of 0.025% mutation to wild type ratio, and 

there was a clinical sensitivity of 96% for detecting mutations in liquid biopsy samples when 

benchmarked to tissue samples35.

Another form of PCR based techniques that has been applied to liquid biopsy is Droplet 

Digital PCR (ddPCR). This technique involves performing the PCR reaction in a large 

amount of individual picoliter-sized droplets28 and measuring fluorescence in real time from 

individual droplets during the PCR process. Droplet Digital PCR is similar to the 

BEAMING technique in that digital PCR breaks the sample into numerous small droplets to 

allow for a greater ability to specifically and sensitively detect mutated sequences that may 

be present. But there are key differences in the technique, as described by Pekin et al62: 

First, BEAMing requires preamplification of the DNA sample prior to dispersing the nucleic 
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acid into the droplet form, while in digital PCR amplification can be performed within each 

droplet. Second, the beads must be processed to fluorescently tag each allele before 

processing in flow cytometry, while in digital PCR the amplification and detection processes 

are integrated into a disposable unit. The analytical sensitivity that has been achieved using 

this real time droplet digital PCR technique is 0.0045% mutant to wild type molecules63. 

Exploratory techniques using microfluidics to further advance the effectiveness of digital 

PCR have also been made, with reports of 1 mutation in 200,000 non-mutated wild type 

sequences62 being detectable in proof of concept systems.

This approach of utilizing droplet digital PCR has been applied to the study of a 19 patient 

cohort with colorectal cancer and KRAS mutations20. This study purified plasma DNA and 

performed a multiplexed digital PCR assay on the 19 patient cohort, finding a concordance 

of approximately 73% between patient plasma samples and mutations previously identified 

from tumor sample DNA.

Next generation sequencing (NGS)

This technique involves sequencing DNA in a highly rapidly and parallelized fashion 

(compared to the original Sanger sequencing method)64. The target patient samples first 

have their DNA isolated from a tissue sample or liquid biopsy sample and then the 

fragmented into shorter fragments. During this library preparation procedure the target 

sequences are also subject to a selective amplification of specific portions of the sequence 

(these specific portions are targeted because their relation to a known oncogenic gene 

mutation, which will enrich the mutated sequence and increase the likelihood of detection. 

Following the library preparation, the prepared library of DNA fragments is immobilized on 

a solid surface (typically microparticle beads or a slide) through ligands65, and these ligated 

DNA fragments on a solid are subjected to highly parallelized readout through a next 

generation sequencing platform.

There are a wide variety of techniques utilized for performing next generation sequencing in 

liquid biopsy. A historical and technical survey of the different platforms has been made by 

Mousadi-Nejad et al64 which provides an overview of the different mechanisms used to 

perform NGS, such as fluorescence or monitoring pH changes. In the field of NGS based 

liquid biopsy mutation detection, a cohort of lung cancer patients serum was analyzed using 

NGS IonTorrent sequencing (a pH based detection technique) by Couruad et al66 

demonstrating a clinical sensitivity of 58% and a clinical specificity of 87% when 

comparing analysis of serum ctDNA to tissue samples. In this NGS study, the analytical 

sensitivity of this deep sequencing NGS approach was stated to be detect the mutated DNA 

even when it was only 0.2% of total sample DNA66.

Direct comparisons between different mutation detection platforms such as NGS and PCR 

Based Techniques have been conducted for tissue54, 55, but additional direct comparisons of 

these detection platforms will be necessary for a thorough evaluation of the most optimal 

method in the liquid biopsy context.
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PCR enhancement techniques for Liquid Biopsy

Inasmuch as a large majority of the existing techniques are based on polymerase chain 

reaction (PCR), a variety of methods have been implemented in an attempt to selectively 

amplify the mutated sequence and increase the probability that it can be detected when in 

low abundance relative to the wildtype sequence. A body of review literature67,68, 69 

addresses these different techniques, and among the multitude of different enrichment 

techniques, some general approaches are discernable:

1. Allele specific primer amplification: In this method, primers are designed so that 

the mutated sequence is at the end of the 3′ end of the primer sequence. Through 

this design, the target that possesses the mutation that perfectly complements the 

primer will be preferentially amplified by polymerase compared to the sequence 

that does not possess it. This seems to have high sensitivity but lower selectivity67. 

Thierry et al33 applied this allele-specific amplification approach in a quantitative 

PCR based study of the KRAS and BRAF mutations in ctDNA, reporting a 100% 

concordance between tissue and circulating DNA extracted from serum or plasma.

2. Enzyme based digestion of sequences: In this class of methods, endonuclease70 

and primers are utilized together to enrich the mutant target and digest the 

sequences that are not mutated. The disadvantage of this method is that it requires 

an appropriate design and accommodation to the endonucleases available71, the 

enzyme may not be completely effective in digesting the wild type sequences68. 

This method of using digestion enzymes was used by Asano et al72 in a study of 

lung pleural fluid for EGFR mutation, and this method reported an analytical 

sensitivity of 0.05% mutant to wild type genes.

3. Preferential Homoduplex formation assay (PHFA): This method of selecting for 

the mutated sequences works by using competitive reactions during the PCR 

process in order to detect a specific mutated sequence73. This original technique 

involves adding a biotinylated and FITC double labeled amplicon in solution with 

the sample (that has no labels present). If the unlabeled sample matches the double-

labeled amplified sequence, then the signal from the double-labeled amplicon will 

be diluted out during the PCR process and will not be able to measure. If the 

sample does not match the amplicon, then the double-labeled amplicon will 

continue to exist and be duplicated. A modified form of this PHFA using 

fluorescence resonance energy transfer (FRET) has also been explored: a 

fluorescent dye (such as FAM) and a quencher are combined together in the 

doubled labeled amplicon, and if there is a match between the sample and the 

doubled labeled amplicon DNA sequences, fluorescence will be observed because 

less quencher will complexed to suppress the fluorescent probe74. On the side of 

clinical liquid biopsy, this technique was used in the detection of the 1DH1 

mutation (associated with glioma) serum and cerebrospinal fluid28 and the APC 

mutation (associated with colorectal cancer) in serum samples75.

4. Clamped Based PCR Technique: This technique utilizes blockading sequences 

during the PCR process. Two probes are introduced into a reaction during this 
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process: The first is a primer that will be used to amplify the targeted sequence 

(such as the mutated sequence), the second is a sequence that is specifically meant 

to inhibit sequences that are similar but not identical to the targeted sequences 

(such as the wild type form). An example of this is the Competitive Allele Specific 

Hydrolosis (CAST) PCR76 technique, a form of clamped-based PCR technique that 

integrates with the Taqman qPCR that was successfully used to examine a panel of 

mutations in tissue for KRAS, EGFR, and BRAF mutations at a reported sensitivity 

of 0.5%77, 76. CastPCR was able to be used in the detection of BRAF in a case of 

melanoma78. Alternative inhibition of nucleic acids such as locked nucleic acids79 

and peptide nucleic acids80 have been demonstrated to increase specificity of 

binding67. The usage of locked nucleic acids have been applied to liquid biopsy in 

a work by Breitenbuecher et al.81, where it was found that locked nucleic acids 

enhanced sensitivity levels and mutation in blood samples enriched for CTC81. 

This work found that the sensitivity levels using lock nucleic acid as inhibiting 

sequences was 0.01% of mutation to wild type allele. Shinozaki et al also applied 

an LNA clamped PCR system to detect circulating tumor DNA isolated from serum 

samples82. Finally, Spindler61 et al. used special hydrophobic nucleic acid based 

blocking sequences in order to make real time quantitative PCR more effective.

These variant forms of PCR demonstrate the ability to achieve high analytical sensitivity of 

the detection process of mutated sequences. Some of these enhancements to the process of 

the PCR have also been able to achieve high clinical sensitivity33.

Improving Workflows and Emerging Point of Care Methods for Oncogenic 

Mutation Detecting

As the field of oncogenic mutation pushes the boundaries of sensitivity in detecting 

mutations using traditional sequencing or PCR based techniques, a point of inquiry is the 

appropriate workflow for mutation detection in a clinical setting. Apart from the ability to 

sensitively identify mutated DNA when they are in low abundance relative to wild type 

DNA, factors such as clinical benefit, sample volume, test turnaround time, and cost play a 

role that must be considered in the application of mutation detection. Modifications have 

been made along different junctures in the traditional sample-collection and molecular 

testing workflow for oncogenic mutation detection in an attempt to simplify mutation 

detection for clinical practical.

Progress been made in the direction of creating point-of-care diagnostic tools for rapid 

mutation detection without a large amount of analysis equipment using novel techniques 

such as:

1. Nanoparticle Based Mutation Capture and Visualization: In recent years, it appears 

that attempts have been made to use nanoparticle strategies to detect genetic 

mutations: The advantage of using nanoparticles are the efficiency of capturing and 

concentrating target mutations, and the fact that nanoparticles can be manipulated 

to create optical effects that can be evaluated with the naked eye (making them 

more practical tools for point-of-care mutation detection). Latore et al84 using a 
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gold nanoparticle system that is capable of detecting SNP using the aggregation 

effects of gold nanoparticles coated with oligonucleotides, which precipitate out if 

the specific mutated target sequence attaches to gold nanoparticles and changes the 

hydrophobicity of the nanoparticle. An additional example of this approach is a 

study made by Valentini85 et al, which used of a combination magnetic 

nanoparticle and gold nanoparticle strategy: This system was successful 

demonstrating the detection of KRAS mutations with a test system that can be read 

with the naked eye.

2. Microfluidic platforms for sample processing and reading: In efforts to create more 

compact and integrated systems for analysis of oncogenic mutations, efforts have 

been made to integrate genetic analysis with microfluidic systems86. A notable 

example of this is in a work by Wang et al.87, where an integrated microfluidic 

system that could isolate genomic DNA from whole blood, perform selective 

amplification of the desired sequences, and perform visual readout with the eye in 

one hour was fabricated. Wang et al’s87 work performed detection on JAK2-V617F 

mutation (associated with hematologic malignancies) with 90% concordance 

between the microfluidic system and melting curve analysis based detection of 

mutated sequences, and an analytical sensitivity of 1% mutant to wild type 

molecules sequence. Further examples of microfluidic based techniques in the 

mutation detection process are presented in a helpful review article from Handal 

and Ugaz88.

While it would be necessary to expend significant effort to further refine these novel 

analytical strategies and evaluate their applicability to oncogenic mutation analysis in 

biofluids, they offer an intriguing view of the future. Current techniques for collection and 

processing of tissue and biofluid specimens are complex and require a fair amount of 

investment for analytical devices, but emerging methods suggest that there may be a future 

for rapid and convenient evaluation of mutation status.

Emerging Method: EFIRM (Electric Field Induced Release and Modification) 

and its advantages

An emerging platform for the detection of oncogenic gene mutation that has demonstrated 

high clinical sensitivity and specificity for mutation detection is the electric field induced 

release and measurement method (EFIRM)89. This technique is based on the principle that 

nucleic acid hybridization can be facilitated through applying electric fields90, 91. This 

electric field can be applied to hybridize sequences selectively, whether SNP or deletion 

mutations92. By applying these electric fields, the mutated sequences present in a biofluid 

can be actively hybridized to an oligonucleotide capture probe that has been immobilized 

with a conducting polymer93 to an electrode surface. Following this active hybridization 

capture of the mutated sequence, an additional detector probe sequence with a fluorescein 

label is hybridized to the remaining portions of mutation sequence that are unbound to the 

capture probe at the electrode surface. Finally, a reporter enzyme and tetramethylbenzidine 

based substrate solution is used to generate oxidation and reduction reactions. These 

oxidation and reduction reactions that occur at the surface of the electrode are subsequently 
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measured and used for the quantitation of the target sequence present94. If target sequences 

are not freely present in the biofluid but are instead contained in microvesicles, the EFIRM 

technique is also capable of being used to lyse the exosomes using an electric field and 

rapidly capture the molecular content present before significant degradation occurs from 

constituents of the extracellular biofluid environment89.

In a blinded pilot study, 40 patients with NSCLC had their saliva samples collected for 

testing using the EFIRM method. These 40 patient saliva samples analyzed for mutation 

using EFIRM and compared to tissue based oncogenic analysis. Characterizing the 

performance of EFIRM using area-under-the-curve metric (AUC, a composite score of 

clinical sensitivity and specificity), EFIRM performed with a high clinical sensitivity and 

specificity. An AUC score of 0.94 and 0.96 was achieved for detecting exon-19 deletion and 

the L858R mutations, respectively, in saliva samples. A comparison analysis of salivary 

samples with plasma samples also showed R values of 0.98 and 0.99 for the relationship 

between serum and saliva for the Exon-19 deletion and L858R mutation, respectively.

The advantage of the EFIRM technique is that it allows for the rapid analysis of oncogenic 

gene mutations in a small volume of biofluid (50 μL) in an integrated and efficient fashion. 

Without steps such as DNA isolation and amplification of sequences, the EFIRM platform 

can robustly perform detection for a mutant sequence with great effectiveness in less than 

one hour. This EFIRM method allows for a simplified workflow that may carry benefit to 

care providers that wish to include gene mutation analysis into their clinical workflow. The 

results of this study indicating that plasma and saliva measurements are correlated with each 

other also presents the possibility that non-invasive detection of oncogenic gene mutations 

in saliva is an emerging frontier that can offer benefits to rapid assessment of patient health 

status for precise treatment of cancer.

Conclusion

This brief synopsis of major genetic mutation detection techniques demonstrates that a wide 

variety of techniques exist for capturing oncogenic mutations, and a large number of these 

studies have already demonstrated the viability of a liquid biopsy based oncogenic mutation 

strategy. It is evident that with the continual march towards more efficient genetic 

sequencing and advanced PCR based technologies the field of liquid biopsy will continue to 

grow. New announcements seem to emerge weekly about industrial and academic efforts to 

improve the sensitivity of liquid biopsy and develop streamlined panels for monitoring 

oncogenic mutation. Though a large amount of studies appear to be oriented towards the 

usage of circulating tumor DNA over circulating tumor cells, further investigations in the 

next years will elucidate which method may be the most appropriate for a clinical detection 

of oncogenic mutations from liquid biopsy samples. Technologies are also readily being 

explored to see whether highly sensitive systems such as EFIRM can also play a role in 

serving as robust platforms for oncogenic mutation. EFIRM-based liquid biopsy delivers the 

near perfect concordance performance (sensitivity) with biopsy-based genotyping. Together 

with the 100% specific specificity of the tumor mutation signature, eLB is the holy grail of 

liquid biopsy.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The homoduplex mechanism of detecting mutated signal using a fluorescence resonance 

energy transfer based strategy. (A) If the mutant signal is present in the DNA, during the 

PCR process the quencher unit will be gradually diluted out and a signal will be observed. 

(B) If the wildtype sequence is present in the DNA, there will be no dilution of the quencher 

unit during the PCR process and no significant amounts of fluorescing will occur. 

(Reprinted from Kitano et al74, with permission from Elsevier 2015).
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Figure 2. 
Example of integrated microfluidic mutation analysis in work. This work allowed the 

collection of whole blood samples, removal of red blood cells, DNA amplification, and 

fluorescent reporting that could be performed in one hour. (Reprinted from Wang et al87, 

with permission from Elsevier 2015).
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Figure 3. 
A schematic overview of the EFIRM technique. This method involves the novel application 

of electric potentials to facilitate hybridization of mutated sequences to a set of probes on the 

surface of an electrode and the usage of these probes to create readout of the signal. 

(Reprinted with permission of the American Thoracic Society Copyright © 2015 American 

Thoracic Society. From Wei et al32. The American Journal of Respiratory and Critical Care 

Medicine is an official journal of the American Thoracic Society).
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